The intermolecular interactions of a series of crystallised bis(trifluoromethanesulfonyl)amide (NTf 2 ) and bis(methanesulfonyl)amide (NMes 2 ) ionic liquids are qualitatively investigated and compared using Hirshfeld surface and thermal analysis techniques. The NMes 2 salts are known to exhibit higher glass transitions and higher viscosities than those of the NTf 2 salts. The origins of these differences were analysed in terms of the importance of factors such as the C-HÁ Á ÁO hydrogen bond, fluorination, presence of an aromatic moiety and length of alkyl chain, using the Hirshfeld surfaces and their associated fingerprint plots. Additionally, the existence of C-FÁ Á Áp and C-HÁ Á Áp interactions were elucidated and the significance of anion-anion interactions was recognised. Overall, these results demonstrate the applicability of the Hirshfeld surface approach in investigating the molecular origins of the physical properties.
Introduction
Ionic liquids (ILs) are becoming important alternatives for a variety of applications such as non-volatile solvents and extractants in chemical synthesis, [1] [2] [3] highly stable electrolytes in electrochemical devices 4 and as active pharmaceutical ingredients. 5 It has become apparent that one of the IL anions of choice in terms of high thermal, chemical and electrochemical stability is the bis(trifluoromethanesulfonyl)amide (NTf 2 ) ion. The first ionic liquids comprising the NTf 2 anion were used as solventless electrolytes within electrochemical devices, where the anion was specifically designed for its thermochemical and electrochemical stability. 6, 7 It was reasoned that the perfluorinated anion displayed a lower Lewis basicity than the traditionally used AlCl 4 À anion, thus rendering them chemically benign. In addition, the anion displays a delocalisation of the negative charge, thus reducing the likelihood of hydrogen bonding and ultimately lowering the viscosity-both favourable aspects of an anion for an electrolyte. 6, 8 Subsequently, analogues of the NTf 2 anion, such as bis(methanesulfonyl)amide (NMes 2 ), were designed to produce room-temperature ionic liquids combined with the N-alkyl-1-methylpyrrolidinium (C x mpyr) and the N-alkyl-3-methylimidazolium (C x mim) cations. It was reasoned that the analogous NMes 2 ILs would be usefully hydrophilic and lower melting, however, the ILs were also found to display decreased thermal and electrochemical stability and increased viscosity, thus rendering them less useful for electrochemical devices. 9 Several articles have appeared detailing the structural analysis of cryo-crystallised NTf 2 ionic liquids, with the intention of understanding the physical properties of the liquid state. [10] [11] [12] [13] [14] Apart from recognition of the anion cis/trans conformation and packing, much attention has been placed on the existence of C-HÁ Á ÁO type hydrogen bonding between the cation and anion. It has been concluded in some reports that this inter-ionic hydrogen bonding, along with other weak intermolecular interactions, contributes to the stability of the resultant crystalline state. 9, [12] [13] [14] In order to further investigate these important interactions, the need arises to consolidate information and compare the reported crystal structures with the aim of quantifying the similarities and differences. Hirshfeld surfaces have been found to be a powerful tool in the examination of intermolecular interactions when a crystal structure is available (further details on the Hirshfeld surface are provided below). [15] [16] [17] [18] Notably, a two-dimensional grid called a 'fingerprint plot' can be constructed from the corresponding three-dimensional Hirshfeld surface. Essentially the fingerprint plot, which charts the distance to the nearest atom external to the Hirshfeld surface (d e ) against the distance to the nearest atom internal to the surface (d i ), is a condensed informative map of all the intermolecular interactions occuring in the crystal. In addition, the plots can be decomposed to provide the relative contributions of each intermolecular interaction. Both facilities leads to a practical, concise summary of all the essential structural information required for rapid comparison of structures.
Thus, in this work a selection of NTf 2 and NMes 2 , N-alkyl-1-methylpyrrolidinium (C x mpyr) and N-alkyl-3-methylimidazolium (C x mim) salts have been chosen in order to obtain a comparative understanding of the role of the intermolecular interactions present, in particular the importance of the C-HÁ Á ÁO hydrogen bond, fluorination, presence of an aromatic moiety and length of alkyl chain. To this end we report, for the first time, crystal structures for [C 4 9 Crystal structures were obtained from these samples (see ESIw) and are compared to the structures of crystallised NTf 2 analogues already published. 9, 10, 12, 13 DSC analysis of the NMes 2 crystals melted in the DSC show the same glass transition temperatures (T g ) as those originally reported (Table 1) . 9 All T g s are approximately 30 1C higher than those measured for the NTf 2 salts. In addition, within the NTf 2 series, the glass transition temperature increases with increasing alkyl chain length whereas there is little change in the NMes 2 case.
Hirshfeld surface and fingerprint plot generation
A Hirshfeld surface analysis of each of the crystal structures (detailed comparative X-ray analysis are also provided in the ESIw) has been carried out, producing the Hirshfeld surface for each ion in each structure, for example that shown in Fig. 1 for the NMes 2 anion in [C 2 mim][NMes 2 ]. The Hirshfeld surface can be defined as 'the portion of space where the promolecule electron density contributes more than half of the total procrystal electron density'. 17 The surface is defined so that for each point on the surface ''1/2 of the electron density is due to the spherically averaged non-interacting atoms comprising the molecule, and the other half is due to those comprising the rest of the crystal''. 17 So, the surface is ''a region of space surrounding a particular molecule in a crystal where the electron distribution of that molecule exceeds that due to any other molecule''. 17 Close contacts can then be shown on this surface by calculating a normalised contact distance, d norm , which compares the distance between two atoms across the surface to the combined van der Waal radii of the atoms. 18 A colour scheme is applied such that where the contact is shorter than the van der Waals separation the point is coloured red, white is used for contacts around the van der Waals separation and blue is for longer contacts. The Hirshfeld surface can then be thought of as an ''interaction surface'' that highlights and identifies important interactions in the crystal. Hirshfeld surfaces and their associated fingerprint plots were generated using the program CrystalExplorer.
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The fingerprint plot plots the distance (d i ) from the nearest atom inside the surface against the distance (d e ) to the nearest atom external to the surface, as shown in Fig. 1 for the C 2 mim NMes 2 case; the fingerprint plots for all of the other salts are presented in the ESI.w The fingerprint plot provides information on the fraction of the Hirshfeld surface area due to any particular contact and how extensive that fraction is in distance. The colour coding in the fingerprint plot represents the frequency of occurrence of any given (d i , d e ) pair with white = no occurrence, blue = some occurrence, and green then red indicating more frequent occurrence. For further detailed analysis, Crystal Explorer also allows the isolation of any given interaction (e.g.: C-HÁ Á ÁO) and then the generation of a 'decomposed' fingerprint plot, where only the relevant interactions are coloured, and the associated Hirshfeld surface coloured for that interaction alone; 18 . Similarly, decomposed fingerprint plots for the other interactions are presented in the ESI.w As part of this decomposition analysis, the fraction of the surface representing a given interaction was also calculated (see for example Table 2 ). It is important to note that each close contact in the crystal structure generates many points in the fingerprint plot (i.e. many (d i , d e ) pairs arising from the close contact).
In the prior literature, the important intermolecular interactions identified as likely to be of significance in 13 the C-HÁ Á ÁO hydrogen bond and C-FÁ Á ÁF interactions. All of these interactions are clearly seen in the Hirshfeld analysis of the structures (as presented in the ESIw) which also provides information as to their relative contributions to the whole ''interaction surface'', as listed in Table 2 and Table 3 . The [C 2 mim][NTf 2 ] case is an interesting example where the crystal structure contains two crystallographically distinct anions and cations and the analysis allows the straightforward identification of their individual interactions as shown in Table 2 and Table 3 .
The Hirshfeld analysis also reveals the additional occurrence of inter-anionic interactions in these compounds. Table 3 lists selected interactions and their relative contributions in each case.
The trend seen from the percentage contributions is that the NMes 2 salts have a larger contribution from the C-HÁ Á ÁO and C-HÁ Á ÁN inter-ionic contacts, to the entire Hirshfeld surface area, which could contribute to an increased lattice energy over that of the NTf 2 salts. Obviously, with increasing alkyl chain length in both salts the C-HÁ Á ÁX contribution increases. The decomposition of the anionic interactions clearly indicates the occurrence of contacts between the anions and that there is 
a See ESIw for full details of fingerprint plots. b The relative percentage contributions of both crystallographically distinct NTf 2 anions are included, in the order N5/N6 (where N indicates the central nitrogen according to the labels used). a higher percentage contribution of these in both the [C 1 mpyr] salts. However, the main contributors, apart from the obvious C-HÁ Á ÁH close contacts, are the cation-anion C-HÁ Á ÁO and C-HÁ Á ÁF weak, non-classical, hydrogen bonds. It is interesting to note the presence of some energetically unfavourable 19 C-FÁ Á Áp interactions in the imidazolium case.
Detailed fingerprint plot analysis: general trends
It is immediately apparent from a comparison of the anionic plots shown in Fig. 3 that the NTf 2 salts display a larger range in d e than the NMes 2 salts and vice versa in d i , as a result of the larger fluorine atoms cf. hydrogen. The greater range of d e indicates the less compact packing of the NTf 2 salts. However, it is evident that the plots display a greater spread of points in d i going from [C 1 mpyr] to [C 4 mpyr], which is suggestive of the more compact, symmetrical [C 1 mpyr] producing more dense packing than the longer chain analogues are capable of. In the region (d i + d e ) 4 2.2 Å the plots become quite scattered, indicating a number of points on the surface having separations distinctly greater than the sum of the van der Waals radii (as indicated by the diagonal lines on the plots in the ESIw); for example as seen in the C-HÁ Á ÁH and C-FÁ Á ÁF contacts. Noticeable within the [C 4 mpyr] salts is a larger number of particularly long contacts 44 Å ; such long contacts are evidence of 'voids' in the structure and non-optimum packing, 17 probably due to the bulky alkyl chains. C 4 alkyl chains are perhaps too long to encourage compact packing and too short to encourage alkyl chain intercalation. The mean value of d norm , over the whole of the Hirshfeld surface, has also been calculated for each of the Hirshfeld surfaces (see Table 5 in the ESIw). This average can be thought of as a measure of packing efficiency and therefore also of relative free volume in the structure. This provides a useful connection between the structure and the transport properties and glass transition temperature since these are thought in some models 20 to be dependent on free volume. This quantity is much smaller for the [C 1 mpyr] salts than their larger cation relatives, as would be expected for this more compact, more easily packed cation. It is also much smaller for the [NMes 2 ] salts than the [NTf 2 ] salts, thus leading one to expect that the T g and other transport properties of the NMes 2 salts should be uniformly higher than the NTf 2 salts; this is as observed in Table 1 . However, this approach has obvious limitations related to the fact that the free volume of the liquid state is unquestionably different to that of the crystal. Nonetheless the d norm parameter provides a useful means of analysing relative free volume in these structures.
Anion-cation contacts
The 'wing' seen in the [C 2 mim][NMes 2 ] plot (Fig. 3(e) ) is a result of C-HÁ Á ÁC interactions, which account for the anion methyl group hydrogens and the imidazolium p orbitals. The same is seen in the [C 2 mim][NTf 2 ] (Fig. 3(f) (Fig. 3(b) ) and [C 2 mim][NTf 2 ] (Fig. 3(f) and (g) 
Anion-anion contacts
In addition to the cation-anion contacts discussed above, [C 2 mim][NTf 2 ] (Fig. 3(f) and (g)) also displays very prominent C-FÁ Á ÁF interactions, indicated by the short spike at d i : B1.4 Å , d e : B1.4 Å . It is also interesting to note that some of the F-F distances are shorter than the sum of the van der Waals radii, despite the fact that these interactions are normally weak. 19 This may be a reflection of the overall stabilisation of the lattice, in particular the Madelung energy of the lattice arising from its ionic nature. Presumably the overall cohesive binding energy of the lattice dominates. The anion-anion C-HÁ Á ÁO interaction in the NMes 2 salts are also clearly seen as the spike arising from the close contact at (d i : B1.1 Å , d e : B1.4 Å ). The remaining spike/protrusion in the NMes 2 series is due to the C-HÁ Á ÁH interactions, as is clearly seen in Fig. 3(a) and (c), which make up a larger fraction of the Hirshfeld surface than in the NTf 2 salts, probably due to the inter-anionic interactions in this case. Overall these observations seem to indicate stronger H-bonded anion-anion interactions in the NMes 2 case, in accord with their typically higher T g and viscosity in the liquid state.
Conclusion
This paper highlights the usefulness of the Hirshfeld analysis in understanding the intricacies of interactions occurring in crystallised ionic liquids. The presence of C-FÁ Á Áp and C-HÁ Á Áp interactions were identified and the importance of anion-anion interactions also becomes clear. Overall, the dominant interaction in all of the structures was found to be the C-HÁ Á ÁO close contact, thus agreeing with past literature. However, the Hirshfeld surface and its associated fingerprint plot certainly allows a much more detailed scrutiny and comparison of related structures. Thus, prepared with the full knowledge of all of the interactions occurring in crystallised ILs one is better able to understand the dominant features and potentially to better design new ionic liquids with desired physical properties.
Methods

Hirshfeld surface analysis
The program CrystalExplorer 2.0 was used to render all surfaces and fingerprint plots. Previously published crystal structures used for this study: [ 21 and refined using SHELXL-97. 21 All non-hydrogen atoms were revealed in the E-map and subsequent difference electron density maps and thus placed and refined anisotropically. All H atoms were observed in difference syntheses and were placed in geometrically idealised positions and constrained to ride on their parent atoms with CÁ Á ÁH distances in the range 0.95-1.00 Å and U iso (H) = xU eq (C), where x = 1.5 for methyl and 1.2 for all other C atoms. 
